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N	 triple	 bond.	 Earlier	 reports	 suggested	 that	 there	 was	 hardly	 any	 nitrogen	 absorption	 for	 molybdenum	 alloys	 under	 800 °C	 in	 a	 gas	 nitriding	 [4,5].	 The	 use	 of	 NH3	 instead	 of	 N2	 as	 reactive	 gas	 is	 not	 easy	 to	 control	 and	 often	 leads	 to	 a	 mixture	 of	 phases.
Moreover,	the	decomposition	of	NH3	is	endothermic	but	it	can	be	replaced	by	N2–H2	gas	mixtures,	which	circumvent	the	problem	of	heat	transfer	[14].	Some	researchers	used	different	approaches	like	an	expanding	microwave	plasma	reactor	to	form	a	Mo–
N	compound	with	defects	at	600 °C	or	under	in	a	gas	mixture	of	Ar–25%N2–30%H2	[7,8].
Figure	10.Fig.	10	Coefficient	of	friction	comparison	of	untreated	and	PN	treated	(720/25)	samples	under	elevated	temperatures	of	300 °C	and	600 °C.
alt-text:	Fig.	10
Figure	11.Fig.	11	Square	thickness	against	nitriding	time	at	720 °C	and	760 °C.
alt-text:	Fig.	11
In	the	plasma	nitriding	process,	nitrogen	ions	and	radicals	such	as	N+,	N	2+,	as	well	as	fast	neutral	nitrogen	molecules	play	a	significant	role	in	nitrogen	transfer,	and	the	presence	of	hydrogen	in	the	nitriding	medium	results	in	the	formation	of	H+,	NH+,	and	NH2+
radicals	that	have	a	catalytic	effect	on	nitriding	kinetics	through	increased	diffusion	of	nitrogen	into	the	molybdenum	alloy	by	reducing	the	remaining	passive	oxide	and	carbide	layers.	This	occurs	either	by	generating	active	nitrogen	atoms	on	the	cathodic	part	surface	or	by
attaching	to	atoms	sputtered	from	the	surface	and	redeposited	back	on	the	cathode	in	the	form	of	nitrides	[15].	Given	plenty	of	energy,	i.e.,	at	the	temperature	of	600 °C	or	above,	molybdenum	would	react	with	the	activated	nitrogen	ions	to	form	molybdenum	nitrides.
According	to	Mo-N	phase	diagram,	β-Mo2N	is	easy	to	form	at	a	lower	temperature	(i.e.	400 °C),	and	γ-Mo2N	is	more	likely	to	form	at	higher	temperature	[16].	As	seen	in	Figure.	4,	the	nitrogen	content	at	the	interface	of	nitride	case	and	substrate	i.e.	reaction	front	is	higher
than	that	in	stoichiometric	Mo2N	(6.82	mass%),	which	suggesting	γ-Mo2N	(JCPD	00‐–025-1366)	would	be	easier	to		form	initially	as	shown	in	Figure.	5.	With	further	nitrogen	was	taken	into	the	Mo2N	layer,	the	N/Mo	ratio	can	be	as	high	as	1/3	(Figure.	4)	which	exceeds	the
nitrogen	content	in	MoN	(12.74	mass	%),	thus	MoN	was	likely	to	be	formed	in	the	near	surface	region.	XPS	analysis	suggested	that	Mo2N3	can	also	be	formed	(Figure.	6).	Therefore,	there	might	be	more	MoN/	Mo2N3	 formed	in	the	near-surface	region	(higher	nitrogen
content)	and	more	Mo2N	formed	near	to	the	interface	(lower	nitrogen	content)	which	is	reflected	from	the	nitrogen	distribution	as	seen	in	Figure.	4a&b.	This	is	in	agreement	with	Kazmanli’'s	report	that	increasing	the	nitrogen	pressure	causes	a	transition	from	Mo	to	Mo2N
and	then	MoN	[17].
When	the	treatment	temperature	was	raised	to	760 °C,	three	sub-layers	(760/25)	can	be	distinguished	in	the	nitride	case	under	backscattering	electron	image	as	seen	in	Figure.	3c.	The	top	superficial	layer	is	supposed	to	be	oxide	layer	as	high	oxygen	content	can
also	be	traced	in	GDOES	analysis.		The	N	1 s	peak	decreases	slightly	in	the	XPS	analysis	for	sample	760/25	even	the	very	surface	layer	was	polished	(760/25P)	which	indicating	the	molybdenum	nitrides	was	slightly	oxidised	(Figure.	6).	However,	this	oxide	layer	is	hardly
discernible	for	samples	treated	at	a	lower	temperature	(720/660 °C).	The	sublayer	under	oxide	is	of	high	nitrogen	concentration	(Figure.	4a)	which	is	deemed	as	MoN.	Face	centred	cubic	δ-MoN	phase	has	been	identified	in	all	the	samples	but	the	relative	intensity	increases
with	temperature	and	treatment	time	increase	(Figure.	5),	which	suggests	increased	thickness	of	the	nitride	layer.	The	sublayer	interfaced	with	the	substrate	is	believed	to	be	Mo2N	as	nitrogen	content	decreased.	A	sharp	drop	of	nano-hardness	across	the	interface	in	Figure.
7b	and	no	clear	visible	diffusion	zone	under	the	nitride	layer	(Figure.	3)	suggests	that	a	shallow	and	limited	diffusion	zone	was	formed	as	the	nitrogen	has	a	very	low	solubility	in	molybdenum	and	its	alloy	(1.08	atom%	at	room	temperature)	[16].	It	is	well-known	that	diffusion
of	nitrogen	is	much	faster	along	grain	boundaries	than	through	the	bulk	grains	i.e.	short-circuit	diffusion.	Hence,	nitrogen	would	preferentially	diffuse	along	grain	boundaries	therefore	some	nitrides	can	be	found	in	a	much	deeper	depth	as	indicated	in	Figure.	3.	Once	the
dense	and	compact	nitride	layer	was	formed,	it	would	form	a	barrier	for	nitrogen	intake	and	diffusion	thus	slowed	the	growth	of	the	nitride	layer,	and	this	has	been	found	in	the	plasma	nitriding	of	other	metallic	materials.
4.2.4.2	Low	friction	of	nitrided	TZM	surface	for	a	long	life	tool
The	molybdenum	nitride	phases	have	different	lattice	structures	and	parameters,	which	affect	the	properties	of	the	coating.	Within	the	Mo–N	system,	the	stoichiometric	hexagonal	compound	δ-MoN	is	a	high-hardness	material	with	very	low	compressibility	[18].
Kazmanli	et	al.	[17]	reported	that	MoN	(hexagonal)	coatings	exhibited	a	greater	hardness	(5000 kg/mm2)	compared	with	Mo2N	(f.c.c.)	coating	(3500 kg/mm2)	which	is	in	agreement	with	Jehn’'s	and	Khojer’'s	findings	[19–20].		In	this	research,	the	thicker	ΜοΝ	increased	with
treatment	temperature	and	time	was	more	likely	responsible	for	the	increased	surface	hardness	and	the	nitride	case.	It	is	reported	that	increasing	the	annealing	temperature	causes	an	increase	of	surface	roughness	which	is	in	agreement	with	current	finding	as	shown	in
Figure.	2	[20].	Clearly,	the	dense	and	compact	nitride	layer	with	higher	hardness	is	responsible	for	the	reduction	of	the	coefficient	of	friction	and	wear	volume	(Figure.	8-10).	A	similar	CoF	of	0.2	for	an	arc-PVD	deposited	Mo-N	coating	on	HSS	against	an	alumina	counterpart
ball	under	a	load	of	7 N	was	reported	by	Urgen	et.	al.	[21]	.	The	wear	of	Al2O3	against	untreated	TZM	is	of	typical	adhesive	feature	but	is	of	abrasive	wear	when	against	plasma	nitride	TZM	sample.	The	CoFs	of	the	plasma	nitrided	sample	are	lower	at	300 °C	than	that	of
the	untreated	sample	but	they	are	quite	similar	at	600 °C.	Molybdenum	oxidises	at	a	temperature	above	400 °C,	and	MoO3	is	an	oxygen	deficient	phase	known	as	Magnéli	phase	which	has	lubrication	effect	at	elevated	temperatures	[22].	Molybdenum	nitrides	can	also	be
oxidised	at	600 °C,	and	the	lubricated	oxides	give	the	plasma	nitrided	surface	a	similar	friction	curve	as	that	of	untreated	sample.	A	vacuum	or	inert	gas	protected	environment	is	needed	to	further	assess	the	tribological	properties	of	plasma	nitrided	sample	at	elevated
temperature.
TZM	was	proposed	to	be	used	as	tool	material	in	electric-field-activated	sintering	of	ceramics	like	Al2O3	etc.	The	relatively	low	coefficient	of	friction	of	the	nitrided	surface	enables	the	demoulding	of	the	sintering	part	off-site	(room	temperatrue)	or	on-site	(elevated
temperatures).	Currently,	we	have	used	the	plasma	nitrided	TZM	punches	(Figure.	12)	in	the	sintering	of	Al2O3	micro-parts	which	has	shown	a	much-extended	life	and	acceptable	low	friction	in	demoulding	over	a	peer	graphite	punch	at	room	temperature.
Figure	12.Fig.	12	As	machined	and	plasma	nitrided	TZM	punches.
5.5	Conclusions
The	response	of	molybdenum-based	TZM	in	terms	of	layer	formation	and	hardening	to	plasma	nitriding	at	temperatures	between	500	and	760 °C	has	been	investigated.	After	plasma	nitriding,	a	thin	nitride	case	composing	of	mixed	phases	of	Mo2N	and	MoN	plus
a	shallow	diffusion	zone	was	formed.
• The	thickness	of	plasma	nitride	layer	increased	with	the	treatment	temperature	and	time,	and	the	TZM	alloy	has	an	activation	energy	of	330 kJ/mol	in	the	treatment	temperature	range.
• Molybdenum	has	a	tendency	to	react	with	nitrogen	to	first	form	γ-Mo2N	and	then	δ-MoN	during	the	plasma	nitriding	treatment.
• The	surface	hardness	of	molybdenum-based	TZM	alloy	was	significantly	increased	after	plasma	nitriding	treatment	which	is	also	related	to	the	treatment	temperature	and	time.
• The	coefficient	of	friction	of	the	molybdenum-based	TZM	against	Al2O3	ball	was	reduced	significantly	due	to	the	formation	of	a	thin	nitride	layer	regardless	of	the	loads	and	medium	used.	The	wear	resistance	of	the	plasma	nitriding	treated	surface	was	greatly	improved.	A	lower	CoF	of
plasma	nitrided	TZM	against	Al2O3	ball	was	also	observed	at	elevated	temperature.
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